The vasculature is regulated by various chemical and mechanical factors. Reproducing these factors in vitro is crucial for the understanding of the mechanisms underlying vascular diseases and the development of new therapeutics and delivery techniques. Micro°uidic technology o®ers opportunities to precisely control the level, duration and extent of various cues, providing unprecedented capabilities to recapitulate the vascular microenvironment. In the¯rst part of this article, we review existing micro°uidic technology that is capable of controlling both chemical and mechanical factors regulating the vascular microenvironment. In particular, we focus on micro-systems developed for controlling key parameters such as oxygen tension, co-culture, shear stress, cyclic stretch and°ow patterns. In the second part of this article, we highlight recent advances that resulted from the use of these micro°uidic devices for vascular research.
Introduction
A healthy vasculature resides in an adaptable microenvironment that is orchestrated by chemical and mechanical factors. Disruptions in these factors lead to a cascade of vascular responses that may result in vascular dysfunction or uncontrolled growth, leading and contributing to diseases such as atherosclerosis, thrombosis and cancer. Vascular research focuses on understanding the causes and mechanisms underlying vascular disorders, both by studying in vitro cultures of vascular cells (mainly endothelial and smooth muscle cells (SMCs)) and by developing in vivo disease models. Although conventional in vitro studies provide important insight to elucidate the individual or combined e®ects of di®erent factors on the vascular function, the data may not be conclusive. The reason is that the in vitro culture systems used to study vascular cell responses lack most of the signals present in the cells natural microenvironment, e.g., signals originating from shear stress, oxygen tension and cellÀcell interactions. The lack of such signals may exclude potential synergetic e®ects. For example, it has been established that endothelial cells (ECs) of di®erent vessels (e.g., arteries, veins) and in di®er-ent organs (e.g., brain, heart) have distinctive properties, such as cellÀcell adhesion junctions, permeability and hemostasis. 1 However, recent studies report that ECs isolated from di®erent types of vessels lose their distinctive properties and become phenotypically similar to each other when removed from their hosting microenvironment and cultured in vitro. 2, 3 Thus, cells should be maintained in environments similar to physiological conditions for more relevant conclusions.
Micro°uidic technology has emerged as a possible candidate to accurately tailor and control vascular microenvironments, owing to its unprecedented spatial and temporal control of the transport of dissolved chemicals (e.g., growth factors, oxygen), and the possibility to reproduce the original dimensions and geometry of relatively small blood vessels. In addition, micro°uidic devices provide high-throughput capabilities that can be further integrated in order to perform drug screening on vascular cells that are maintained at in vivo mimicking conditions, which may result in more realistic¯ndings compared to those obtained with conventional cultures. Finally, micro°uidics considerably reduces the use of costly materials, such as extracellular matrix (ECM) proteins.
Over the past decade, the development and use of micro°uidic technology in biological applications has gained great interest from researchers in life sciences. So far, most of the biology-related micro°uidics research, has focused on the design, development and optimization of micro°uidic devices for the culture of di®erent cell types, while controlling chemical gradients and applying di®erent forces. Not until very recently, research has started to utilize the capabilities of micro°uidic devices to obtain signi¯cant biological information that, otherwise, could not have been achieved by using conventional systems.
The goal of this article is to review whether micro°uidic technology is capable of controlling key parameters that regulate the vascular microenvironment, and to highlight the recent advances that resulted from the incorporation of these micro°uidic devices in vascular research.
Recapitulating Key Determinants of Vascular Microenvironment
Prevention and development of better treatments for vascular disease require a thorough understanding of the mechanisms underlying the pathogenesis of vascular disease in comparison to the healthy vascular system. Therefore, micro°uidic devices developed to mimic the vascular microenvironment should be able to reproduce the chemical and mechanical factors present in the real system ( Fig. 1) . Below, we highlight the factors present in the vascular microenvironment, their e®ect on the vasculature, and discuss current micro°uidic devices which, although in some cases were not developed for vascular cell studies, could be implemented in vascular research and would provide control over the aforementioned factors in the cell microenvironment.
Chemical factors
Vascular responses such as relaxation, permeability and activation, are regulated by biochemical factors (soluble factors and nutrients) as well as physicochemical factors (temperature, oxygen, pH). In conventional (macroscopic) setups, these factors are controlled using incubators or chambers where the cells are cultured at a given temperature and oxygen level, and in a speci¯cally formulated cell culture media with the desired concentrations of biochemical factors. However, the controlled macroscale concentrations do not necessarily agree with the corresponding concentrations at the cellular level, due to cellular consumption. For example, the concentration of dissolved oxygen (DO) at the cellular level has been shown to deviate signi¯cantly from the desired levels in cultures of various cell types including ECs and endothelial progenitor cells, due to high oxygen consumption rates. 4, 5 Furthermore, simultaneous co-culture of two or more cell types in Petri-dishes is generated by seeding a mixed cell population or separating each of the di®erent cell types with a physical barrier, typically membrane-based inserts. These approaches result in either uncontrolled mix of cells or large distances between neighboring cells that do not allow su±cient di®usion of signaling molecules. 6 Micro°uidic devices for cell cultures can be designed and optimized to control the concentration level of di®erent factors in the local cell microenvironment and minimize their spatial variation. The modeling and design aspects of developing micro°uidics for cell cultures can be found elsewhere. 7À9 Here, we focus on oxygen control and co-culture systems, which have recently gained signi¯cant interest, in di®erent research e®orts to achieve better in vitro models of the vasculature.
Oxygen control
Throughout the circulatory system, there are variations in DO levels, with arteries exhibiting the highest oxygen levels of 90 mmHg (approximately 12% O 2 ) and veins presenting the lowest DO levels of 40 mmHg ($ 5% O 2 ). 10 Oxygen tension is a strong regulator of endothelial responses. Hypoxia, for example, mediates various cellular responses including angiogenesis, proliferation, apoptosis, and migration, as demonstrated both by in vitro and in vivo studies. 11 The e®ect of oxygen tension on the vasculature is speci¯cally profound when blood supply is perturbed due to vessel obstruction, as in the cases of atherosclerosis and stroke. New capillary formation, for example, has only been observed in the post-occlusion site where hypoxia occurs due to lack of blood supply. 12, 13 Likewise, the low oxygen microenvironment in developing tumors triggers new vasculature formation.
14 Several micro°uidic systems have been developed to control and monitor oxygen tension in cell cultures. A device that is designed to mimic both physiological and pathological conditions in blood vessels should provide uniform oxygen concentration over cells, prevent deviations from the targeted concentrations, and allow controlling the oxygen level independent from the media°ow rate. A successful and popular approach is to use two adjacent channels separated by a permeable membrane (e.g., a thin layer of polydimethylsiloxane (PDMS)). 7,15À19 In this stacked-channels approach, 
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two-layer soft lithography is used to align and stack two microwells or channels, where the bottom layer contains the cells, and the top layer is used to°o w a gas mixture to maintain the desired oxygen level in the cell culture. Using the stacked-channel approach, Kame et al. developed a two-layer microwell culture system to supply su±cient oxygen to hepatocytes. 15 In a previous study, we improved upon the stacked-channels approach by developing an insulated system that allowed long-term control over low oxygen tensions [ Fig. 2(a) ]. 7 In this case, the two parallel channels (which are separated by a gas-permeable silicone membrane) are micromachined on poly(methyl methacrylate) (PMMA), which is impermeable to oxygen and provides complete insulation. In a similar approach, a single PDMS microchannel on a glass-slide was inserted into an insulated chamber made of PMMA. 20 The top wall of the PDMS channel was designed and fabricated to be su±ciently permeable (thickness 0.9 mm), thus allowing DO in the culture channel to equilibrate with the concentration in the chamber. In both cases, oxygen tension was monitored at the cellular level by incorporating a commercial oxygen sensing system. Two independent studies proposed oxygen gradient generating devices where the cells in neighboring channels within the same system can be exposed to di®erent levels of oxygen. 16, 17 These designs could be used to study vascular cells in di®erent oxygen tensions, e.g. emulating healthy and diseased conditions or speci¯c types of blood vessels (e.g., artery, arteriole and vein).
Co-culture and ECM models
Blood vessels are composed of an internal monolayer of ECs surrounded by a thicker external layer of perivascular cells (SMCs or pericytes) and the ECM or basement membrane within three concentric layers. The most internal layer, the tunica intima, forms the luminal surface of the blood vessel and is comprised of a smooth continuous monolayer of ECs. The perivascular cells (vascular SMCs for larger vessels or pericytes for capillaries) comprise the tunica media and they produce and secrete ECM macromolecular elastic¯bers providing structural support to stabilize the ECs and regulate vascular functions. The outermost layer is the tunica adventitia composed mainly of collagens and broblast cells that secures blood vessels to the surrounding connective tissue. 6 ECs, which constitute the luminal surface, a structural barrier between blood and surrounding tissue, are in interaction with other cells that reside on both sides of this interface. On the tissue side, ECs interact with SMCs and the ECM to maintain and regulate the vascular function and tone, while on the blood interface, ECs interact with circulating cells in the blood stream. Micro°uidic devices have been developed to address several aspects of EC position in the vasculature.
The study of ECs interactions with circulating cells in the blood, such as red blood cells, leukocytes, monocytes and cancer cells, is critical for understanding vascular-related diseases and cancer metastasis. These interactions can be studied in micro°uidic systems by simply°owing whole blood or the cells of interest suspended in culture media over an EC monolayer in blood-vessel mimicking devices. For more detailed review of such approaches see Wong et al.
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ECs rest on an ECM (intima layer) containing perivascular cells. Thus, the process of cell signaling between ECs and the perivascular cells (mainly SMCs) relies on the di®usion of molecules through this layer. Studies have shown that co-culture of ECs and SMCs increases proliferation of SMCs and regulates the expression of growth factors both in SMCs and ECs. 6 Micro°uidic devices have been designed to incorporate SMCs into EC cultures for the examination of the interactions between these two cell types. Kamm et al. developed a micro°uidic platform that is composed of three independent°ow channels. 22 The middle channel is seeded with ECs, one side-channel is seeded with another cell type of interest and the third one is used as an internal control with no cells. The space between all channels was¯lled with ECM, in order to study cellular migration through ECM in response to chemical signaling. The proof-of-concept experiments suggested a suppressing e®ect of SMCs on EC migration. This design can be potentially adapted to generate a more stable endothelium model for in vitro studies. Hu et al. developed a micro°uidic device to recreate the chemical and mechanical microenvironment in lung alveoli. 23 This device has the capability to co-culture epithelial and ECs in two stacked microchannels separated with a porous PDMS membrane that allows the interaction between the two di®erent cell types. It may be possible to better mimic the conditions in the blood vessels by utilizing the same or similar design to capture the interactions between ECs and SMCs. Wee et al. employed layer-by-layer micro°uidics to co-culture ECs, SMCs and¯broblasts, each encapsulated within their own physiologically relevant ECM. 24 The system also has the capability to apply shear stress on the top layer of ECs, but the height of the°o w channel depends on the contraction of the ECM by the cells, and therefore limits the control over the applied shear stress. More recently, Zheng et al. engineered vasculature mimetic microchannels in collagen gel matrix where the interactions of ECs and perivascular cells or SMCs can be studied. 25 Using this platform, they were able to study the role of perivascular cells in EC responses, such as cell morphology, organization of adherent junctions, permeability, and sprouting (also see Sec. 3). Lee et al. used a di®erent approach to design a SMC and EC co-culture system. First, they used micro°uidics to obtain cell-laden hollow¯bers that contain ECs on the¯ber walls. Then, these¯bers were embedded in an agarÀgelatin matrix together with SMCs. 26 The system, in which organized co-culture of ECs and perivascular cells can be achieved, is promising. In fact, by incorporating shear stress via inducing°o w through the¯bers, it could be a good candidate to create a better in vitro model for vascular research.
Mechanical factors
Vascular cells have the ability to sense and transduce mechanical forces into molecular signals. There are two main mechanical stimuli sensed by blood vessels: (i) shear stress, the frictional forces exerted on the inner lining of ECs by blood°ow and (ii) cyclic stretch, the lengthening of all components of blood vessels in the circumferential direction due to variations in normal stresses. Vascular cells not only can sense the magnitude of the mechanical stimuli but can also distinguish between di®erent°o w patterns such as laminar, pulsatile, turbulent, and disturbed°ow. 27 Several in vitro platforms, such as parallel-plate or cone-and-plate°ow systems and cyclic-stretch devices, have been widely used in order to apply mechanical stimuli on cells to elucidate mechanotransduction mechanisms and vascular responses. 28 In the past decade, many groups have introduced various micro°uidic platforms, some of which are based on the same principles as the conventional platforms, to control shear stress, cyclic stretch and°ow patterns. Here, we underscore the in°uence that mechanical factors have on the vasculature and review the micro°uidic devices developed to emulate these inherent forces acting on vascular cells.
Shear stress
The magnitude of shear stress acting on the vascular wall is not uniform throughout the circulation. In physiological conditions, it ranges from 10 dyn/cm 2 to 70 dyn/cm 2 in arteries and from 1 dyn/cm 2 to 6 dyn/cm 2 in veins. 29 In the case of cardiovascular diseases, such as atherosclerosis or thrombosis, higher shear stress levels are present near the wall of the obstructed blood vessels, while the cells immediately after the obstruction site can experience very low levels of shear stress. ECs are the only vascular cell type that is directly exposed to shear stress exerted by blood°ow. It has been broadly studied and shown that the magnitude and duration of the shear stress induces a number of ECs responses. 30 When exposed to physiological levels of laminar shear stress, for example, ECs are in the quiescent state, have organized cytoskeleton and adherent junctions, align with the direction of the°o w with suppressed apoptotic pathways, and upregulate athero-protective genes [e.g., endothelial nitric oxide synthase (eNOS)].
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In micro°uidic systems, shear stress is applied on cell monolayers attached to the substrate by simply°o wing cell culture media or whole blood. Due to the relatively small dimensions of microchannels, high laminar shear stresses can be achieved by°owing only a small amount of media, compared to conventional shear stress devices. Several groups have been able to control the shear stress acting on cell cultures in microdevices and have shown, as a proofof-concept, the alignment of ECs with the direction of the°ow [ Fig. 2(b) ]. 20,35À38 In one study, using parallel microchannels with varying widths, the authors conclude that EC morphology becomes more elongated as the channel width decreases, suggesting that the magnitude of shear stress is in°uential on EC responses. 39 In a similar parallel microchannel design, Lee et al. achieved the alignment of collagen¯bers with the direction of the°o w. 38 The pre-aligned collagen substrate was then used to control the orientation of aortic ECs in the channels. Recently, several studies have proposed the use of self-pumping micro°uidic systems (e.g., based on piezoelectric pins from commercially available Braille displays) contrasting the majority of previous shear devices where media°ow on cells is driven by syringe pumps, peristaltic pumps or gravity pumps. 40, 41 Other micro°uidic systems discussed here could also bene¯t from these selfcontained pumping components.
Cyclic stretch
Cells residing in the vessel walls experience normal pressure forces as a circumferential stretch, due to elastic nature of the vessels. The magnitude and duration of the stretch, which depends on variations in blood pressure and opposing forces exerted by elastic components of blood vessels, can be sensed by ECs and SMCs. The devices used for in vitro experiments are based on this stretching principle, where the cells are attached on the surface of an elastic material that can be continuously and cyclically stretched. These conventional systems have been easily adapted to micro°uidic devices by either incorporating a stretchable membrane or directly taking advantage of the elastic properties of PDMS. A°ow-stretch chip has been developed by Zheng et al. to apply shear stress simultaneously or independently to uniaxial or equiaxial stretches. 42 The chip consists of two microchannels, an upper culture channel and a lower vacuum channel, which are separated by a thin elastic layer of PDMS. The cells are attached on the elastic (membrane) and are stretched and relaxed by the cyclic deformation of the membrane controlled by the vacuum applied in the lower channel. Using this system, they were able to show that the alignment of stress (ii)
Fig. 2. Control over chemical and mechanical factors in micro°uidic devices. (a) Control over DO tension (i) in a micro°uidic
bioreactor that consists of two stacked microchannels, for gas and media°ow, separated by a gas-permeable membrane. 7 The oxygen tension at the cellular level is monitored continuously with a commercial oxygen sensor integrated into the system. The lower panel shows that the oxygen tension in the culture media can be maintained at targeted levels of oxygen in the culture channel (iii) with and (ii) without cells. Reproduced from Ref. H. E. Abaci, G. Drazer & S. Gerecht ¯bers in rat mesenchymal stem cells and human umbilical vein ECs depends on the type of mechanical stimulation. The \lung-on-chip" design (discussed in Sec. 2.1.2), 23 also provides the ability to control the shear stress and the circumferential stretch acting on co-cultures of epithelial and ECs separated by a porous PDMS layer. The same design can potentially be implemented in co-cultures of di®erent vascular cells to study the e®ect of shear and circumferential stretch simultaneously. Simmons et al. designed and tested a strain gradient microdevice to better assess the e®ect of the magnitude of circumferential stretch on cells. 43 The strain magnitude, created by applying vacuum on an elastic PDMS membrane placed on an array of cylindrical posts, was proportional to the size of the posts. By exploiting these properties, this system could be used to reproduce vascular responses under various circumferential stretch levels simultaneously by using a gradient of post sizes. On the other hand, several studies demonstrated that physiological strain on blood vessels is biaxial and anisotropic. 44 Most of the available strain systems do not provide the capability to study the in-°u ence of an anisotropic strain on vascular cells. Tan et al. addressed this issue by developing microgrooved PDMS surfaces, which can be used to generate anisotropic biaxial microgradients of cyclic strain on cells. 45 Their experiments revealed that anisotropy signi¯cantly a®ects the proliferation of SMCs. Adaptation of these microgrooved PDMS surfaces to blood-vessel-mimicking micro°uidic systems would contribute to create more physiologically relevant microenvironments.
Flow patterns
In addition to the ability of vascular cells to sense the magnitude and duration of mechanical stimuli as discussed above, cells can also discriminate among di®erent°ow patterns, such as laminar, disturbed and turbulent°ows. Blood°ow patterns are nonuniform throughout the vascular tree. For example, high laminar shear stress is found in straight sections of the carotid artery whereas at some speci¯c sites of carotid bifurcations, shear stress is low and disturbed°ow patterns are observed. 27 Atherosclerotic lesions generally occur at the bifurcation regions where the blood°ow is disturbed. 46 These observations were also supported by recent in vitro evidence suggesting that ECs exhibit two distinctive phenotypes, athero-protective and athero-prone, when exposed to high laminar stress or low oscillatory stress, respectively. 27 In addition, the pulsatile°ow generated by the mechanical pumping action of the heart is not uniform in the vascular system. Arterial blood°ow for example, is highly pulsatile whereas relatively steady°ow patterns are found in capillaries, due to attenuation of the pulsatility by the elastic nature of the arteries. Hence, micro°uidic platforms designed to reproduce the di®erent microenvironments relevant for vascular research should have the capability to generate the corresponding°ow patterns.
In micro°uidic systems,°uid°ow is conventionally driven using either syringe or peristaltic pumps, which inherently provide steady and pulsatile°ows, respectively. Some systems have also been developed to create nonpulsatile°ows without the need of an external pump. For example, a rotating disc pump integrated in a micro°uidic device was used to produce steady°ows mimicking the blood°o w in capillaries. 47 In another device developed for a similar purpose, Voyvodic and coworkers designed pulse dampening chambers to reduce the pulsatility of the°ow and demonstrated the long-term e®ects of nonpulsatile°ow on EC responses. 36 In general, novel pumping systems (or traditional peristaltic pumps with additional control elements) are required to control the pulsatility of the°ow. In order to reproduce the pulsatility in healthy and diseased conditions, for example, Estrada et al. designed a highly accurate and versatile stretch-°ow system where pulsatility was controlled by incorporating a programmable pneumatically controlled collapsible chamber into their system. 48 They demonstrated that the system could be used to reproduce pressure, strain and shear stress patterns associated with hypotension, hypertension, heart failure, and exercise. The same system was used in a separate study to replicate the disturbed°ow conditions in atherosclerotic regions and compare the resulting phenotypic discrepancies in ECs. 49 In a di®erent approach also based on micro°uidic system, Khan et al. 50 reproduced the channel networks found in a previously developed tissue engineered modular construct, 51 which is composed of microscale collagen gel modules seeded with ECs and placed into a larger container creating interconnected channels for the°ow of°uids. Their system enabled realtime and simultaneous observation of dynamic responses of ECs to various°ow patterns.
Recent Advances in Vascular Research Using Micro°uidics
In this section, we review recent¯ndings in vascular research that have been achieved by using vascular mimetic microdevices. Two main types of settings are generally preferred by the researchers. In one setting, microchannels are fabricated and considered as capillaries in di®erent sizes. Experiments are performed by either using the channels as is or coating them with certain proteins of interests.
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Below we focus on another setting, in which microchannels are covered with a monolayer of ECs and chemical and mechanical conditions are manipulated to generate physiological or pathological phenotypes of vascular cells to determine vascular responses to various stimuli.
In°ammatory responses of endothelium to mechanical stimuli
In°ammatory responses of ECs in vivo are regulated by blood°ow dynamics. Several groups studied these responses by replicating various°ow conditions in micro°uidic systems. 49, 50, 53, 54 In one study (see Sec. 2.2.3 for a description of the device), researchers used a micro°uidic device and were able to demonstrate that endothelial activation and expression of cell adhesion molecules (CAMs) depend on shear stress patterns and magnitude. 50 Highest expression levels of CAMs were observed in the cells located at low shear stress regions of the micro-construct. Also, in order to assess the recruitment of leukocytes to the endothelium, the researchers°owed monocytes over a pre-sheared EC monolayer and demonstrated that the ECs located at the regions where interconnected channels converge are more susceptible to monocyte attachment. In a similar study, Tzou et al. exposed human aortic ECs to a linear gradient of laminar shear stress in the range 0À16 dyn/cm 2 and found a correlation between in°ammatory responses of ECs and magnitude of shear stress. 53 In agreement with Khan et al.'s results, CAMs upregulation and leukocyte recruitment were found to be the highest at low shear stress conditions. 50 Using the capability of the system to apply a linear gradient of shear stress with¯ne increments, they were also able to demonstrate that ECs can di®erentially respond, in terms of transcription of CAMs and adhesiveness to leukocytes, to shear stress with a sensitivity of 0.25 dyn/cm 2 . In an earlier study, Ting and coworkers successfully used a micro°uidic system for shear experiments to study the role of triglyceriderich lipoproteins (TGRL) in the in°ammatory response of ECs to tumor necrosis factor-alpha. 54 They used a microchannel system to repetitively expose ECs to TGRL under in°ammatory-related shear stress levels and demonstrated that TGRL primes ECs under shear stress for preferential recruitment of monocytes over neutrophils.
Endothelial barrier function
The endothelial layer comprising the inner lining of blood vessels also functions as a selective membrane that regulates the transport of molecules between the blood and the tissue. Developing in vitro models of blood barrier function is crucial to understand the mechanisms underlying vascularrelated diseases and to study drug delivery. The endothelial barrier function is commonly assessed by either measuring permeability of a molecule of interest through a monolayer of ECs attached on a membrane surface, or measuring the transendothelial resistance (TEER). 55, 56 Unlike conventional setups, micro°uidic platforms are useful tools for studying endothelial barrier function since they can account for the presence of°ow and the e®ect of di®erent°ow conditions. Micro°uidics also enables high-throughput analysis. Several di®erent micro-°u idic designs have been proposed to determine endothelial barrier function. In one system designed to measure endothelial permeability, ECs were allowed to attach on a poly(ethylene terephthalate) membrane which separates the intersection region between two crossing microchannels in two di®erent layers. 57 This allowed the real-time monitoring of endothelial permeability at controlled levels of shear stress by continuously measuring the intensity of°uorescently tagged proteins that penetrated through the endothelial monolayer. Using a di®er-ent approach, some groups adapted the transmembrane electrical resistance technique to micro°uidic cell cultures by embedding two microelectrodes on both sides of the EC monolayers. 58, 59 In these micro-scale systems, the noise that is normally caused by the resistance of the cell culture media is minimal and it was possible to measure TEER with higher accuracy. More recently, a micro°uidic-based assay was developed to study the e®ects of biochemical signals and interacting cells on the endothelial barrier function. 60 In this tumorvascular interface mimicking three-dimensional microenvironment, Zervantonakis et al. demonstrated that the interaction of ECs with macrophages leads to endothelial barrier impairment through secretion of tumor necrosis factor alpha by macrophages. The impairment of endothelial barrier was then associated with increased carcinoma cell intravasation, suggesting that intravasation rate depends on endothelial barrier function that can be regulated by biochemical factors in the tumor microenvironment.
Drug testing and discovery platforms
Vascular mimetic microdevices can accelerate the development of therapeutics by enabling drug testing in physiologically/pathologically relevant microenvironments. In fact, micro°uidic platforms have been used in recent studies to test the delivery techniques and e®ectiveness of pre-existing drugs as well as to discover novel therapeutics. One of the promising therapeutic approaches for treatment of vascular diseases, such as ischemic disease, is to induce capillary growth using pro-angiogenic drugs. Angiogenesis, which is the formation of new blood vessels from pre-existing ones, is also regulated by mechanical stimuli. Thus, micro°uidics provide a suitable environment for the evaluation of angiogenesis-targeting therapeutics. One major therapeutic strategy to induce angiogenesis in ischemic tissue or wound healing is to introduce vascular endothelial growth factor (VEGF) to the tissue. On the other hand, VEGF was also shown to in°uence the vascular integrity by promoting dilation of blood vessels. The contribution of°uid forces as a determinant of this process was recently examined in a micro°uidic platform. 61 This study revealed that blood°ow attenuates endothelial sprouting, induced by VEGF, via nitric oxide-dependent mechanisms while interstitial°ow leads to EC tubulogenesis. In addition, the delivery method of growth factors is important to achieve targeted pro-angiogenic responses. Kim and coworkers developed a micro°uidic system to establish the optimal conditions for e®ective delivery of growth factors released by human fetal lung¯bro-blasts that were encapsulated in beads. 62 Theȳ rst demonstrated the pro-angiogenic potential of this therapeutic strategy in vitro by showing a correlation between density of encapsulated cells and the induced lumen formation. Then, the group validated the pro-angiogenic capability of this strategy using in vivo subcutaneous mouse model. Their system is a potential tool for preclinical studies to evaluate the e±cacy of pro-angiogenic drugs and to optimize the conditions of delivery methods.
A microvasculature mimetic device was developed to test two commercially used drugs targeting hematologic diseases: sickle cell disease and hemolytic uremic syndrome. 63 In this recent study, a microchannel network, which reproduces the dimensions and geometry of the microvasculature, was¯rst covered with a monolayer of ECs and then supplied with blood samples collected from patients. Such system allowed recapitulating the e®ects of various physiological factors including interactions of multiple cell types. The system was¯rst used to examine how hydroxyurea a®ects microvascular obstruction in sickle cell disease and then to reveal the e®ects of shear stress on the e±cacy of epti¯-batide, a drug used against hemolytic uremic syndrome. This microvasculature mimetic device is a promising in vitro model to study the interaction of circulating blood cells with capillaries and associated hemolytic diseases. 63 Vascular mimetic devices have been used not only for evaluating the e±cacy of existing drugs, but also for the discovery of new drugs and the development of drug delivery strategies. In a recent study, Korin et al. developed shear-activated nanotherapeutics to target obstructed blood vessels and tested the e±cacy by using a three-dimensional micro°uidic model mimicking hemodynamic°ow conditions in narrowing blood vessels. 64 They¯rst fabricated micro-aggregates of multiple nanoparticles coated with the desired drug, a tissue plasminogen activator. Targeted delivery of these nanoparticles was then tested using a micro°uidic system that is capable of mimicking both the normal shear stress levels in pre-and post-stenotic regions and disturbed shear stress levels in stenotic regions of blood vessels. They demonstrated that shear stress activated nanotherapeutics can selectively bind to stenotic regions of the blood vessels. This study proposes a novel biophysical strategy for selective delivery of therapeutics to the sites of vascular occlusion and underscores the broad potential of micro°uidics for applications in vascular research.
Concluding Remarks
While micro°uidic technology provides an unprecedented capability to control chemical and mechanical factors, the simultaneous control over all factors relevant to the vascular microenvironment in one device, for the creation of an optimal in vitro model, still remains a great challenge. Recent work demonstrate more advanced vascular mimetic microsystems that control multiple factors such as co-culture, ECM, oxygen tension, stretch and shear stress, making signi¯cant progress towards addressing this challenge. 20, 23, 25 Furthermore, the incorporation of additional factors will allow for developing more powerful in vitro models for vascular research. For example, most of the vascular biology studies using micro°uidics were carried out at atmospheric oxygen tension. Though several devices have been developed to manipulate oxygen tension in cell cultures, as discussed in this review, there is still a need to integrate these control systems into vascular mimetic devices in order to maintain the cells at physiological oxygen levels. Another aspect is the rectangular geometry of microchannels due to the nature of soft-lithography techniques. Some groups have proposed methods to fabricate microchannels with circular geometries, which can be adapted to advance biomimetic designs as discussed earlier in this paper. 26, 65 Finally, irreversible attachment of PDMS to di®erent surfaces (e.g., glass) limits the accessibility to culture area for cell seeding, collecting and analyses. Alternative assembly methods, such as magnetic clamp and vacuum sealing, proposed by some studies, can be used to increase accessibility. 35 Micro°uidic technology, which has recently started to be involved in vascular research, will unquestionably continue contributing to the¯eld with the development of better vascular mimetic devices.
